Pyelonephritis is more common in children than in adults, and children are more prone to develop renal scarring after infection. Children younger than 3 years old are particularly susceptible to the development of renal scars or hypoplastic kidneys postinfectiously (1, 2) . This age-dependent difference has been ascribed to a higher incidence of reflux (3) or different strains of bacteria. Whether the increased vulnerability of the kidney to UTI in infants and young children may also be caused by an immature immunologic response is not known.
The host immunologic response is generally considered to be of utmost importance for the outcome of UTI. Epithelial cells lining the urinary tract elicit the innate immune system by secreting proinflammatory cytokines and chemokines on microbial stimulation. In this context, secreted IL-6 and IL-8 have been shown to play an important role for clearance of UTI (4, 5) .
Bacteria can activate the innate immune system by various mechanisms. Cellular recognition of bacterial LPS, which signals via TLR-4, is generally considered to be of major importance for activation of the immune system (6) . Recent studies have suggested that sublethal concentrations of bacterial toxins will, by activation of signaling pathways in the host cell, also elicit an innate immune response (7) . An example of this is the observation that the exotoxin HlyA, secreted from Escherichia coli, induces a low-frequency calcium oscillation, which causes the release IL-6 and IL-8. Approximately 50% of the uropathogenic E. coli strains express HlyA (8, 9) , and this toxin is often associated with severe pyelonephritis (10, 11) .
In this study, we examined whether there is an agedependent difference in the innate immune response of the renal epithelium that may explain the increased vulnerability to pyelonephritis in children. Rat renal cortical tissue or primary culture of RPT cells have been exposed to supernatant from HlyA-expressing E. coli, and the release of IL-6 and intracellular calcium have been recorded. The expression of TLR4 and CD14 mRNA in RPT cells and cortical slices has been studied.
METHODS
Bacteria. Uropathogenic E. coli strain ARD6 (serotype O6:K13:H1, World Health Organization designation Su 4344/ 41) (12) was cultured overnight in Luria-Bertani (LB) medium at 37°C. This strain expresses the exotoxin HlyA (7). The bacterial culture was centrifuged, and the supernatant was sterile-filtered through a Millipore filter (Minisart, 0.2 m, Sartorius AG, Göttingen, Germany). The bacterial supernatant was assayed for hemolytic activity as described (13) . A dilution giving 60% hemolysis of 2.5% sheep erythrocyte suspension was defined as 1000 hemolytic units (HU). Ten microliters of supernatant corresponds roughly to 100 HU. The sterilized supernatant was kept on ice until used (15 min to 4 h).
Preparation of proximal tubule cells. The animal experiments were performed after approval from the local ethical committee for animal experimentation. RPT cells were prepared from kidneys from 10-and 40-d-old Sprague-Dawley rats as previously described (14) . Cells were cultured in supplemented Dulbecco's minimal essential medium (DMEM: 20 mM HEPES, 24 mM NaHCO 3 , 10 g/mL penicillin, 10 g/mL streptomycin, and 10% FBS) on glass coverslips for 48 h in 5% CO 2 at 37°C. Cells were serum starved (1% FBS) and cultured in the absence of antibiotics for 24 h before experiment.
Renal cortical slices for IL-6 measurements. Ten-and 40-d-old Sprague-Dawley rats were bled by cutting the abdominal aorta, the kidneys were removed, and 150-m-thick slices were taken under sterile conditions from the superficial renal cortex using a microtome. The tissue slices were incubated at 37°C, 5% CO 2 , for 6 h in 300 L of supplemented DMEM (20 mM HEPES, 24 mM NaHCO 3 , 1 M butyrate) with or without 20 L/mL supernatant from E. coli strain ARD6 or 10 ng/mL IL-1␤ (positive control). Supernatant from the incubation medium was collected, pooled and frozen at Ϫ80°C until analyzed. At the end of experiment, the cortical slices were homogenized in 20 mM Tris-HCl on ice for protein measurement (Bio-Rad Laboratories, Hercules, CA, U.S.A.).
IL-6 measurements. IL-6 in tissue culture supernatants was analyzed by ELISA according to the manufacturer's instructions (Biotrak; Amersham, Bioscience, Europe GMBH, Uppsala, Sweden). Because this was a comparative analysis, tissue from 10-and 40-d-old rats was always examined in parallel. For each protocol we used six to nine parallel experiments. The absorbance values were correlated to the protein content of each sample, and the values are presented as picomoles of IL-6 per milligram of protein.
Preparation of renal cortical slices, tubules, and glomeruli for RT-PCR. Kidney perfusion and tubule and glomeruli microdissection was performed as described earlier (15) . Briefly, the left kidney in 10-or 40-d-old Sprague-Dawley rats was perfused and rinsed with 10 mL of cold Ringer's solution, followed by 40 mL of cold collagenase solution containing (in mM) NaCl, 137; KCl, 5; MgSO 4 , 0.8; Na 2 PO 4 , 0.33; KH 2 PO 4 , 0.44; CaCl 2 , 1; MgCl 2 , 1; Tris-HCl, 10; 0.05% collagenase, and 0.1% BSA, pH 7.4 at 4°C. Kidneys were removed and cut along the corticopapillary axis into small pyramids that were incubated at 35°C for 10 min in the same collagenase solution bubbled with 95% O 2 -5% CO 2 . Tubules and glomeruli were manually dissected at 4°C under a stereomicroscope, pooled, and immediately frozen on dry ice. In addition, total RNA was extracted from a 150 m thick slice of the outer renal cortex. Previous to this procedure the kidneys were perfused with Ringer's solution to remove all blood cells. The slice was immediately homogenized in lysis buffer (Sigma Chemical Co., St. Louis, MO, U.S.A.) and frozen on dry ice until total RNA was extracted with the TriZol reagent (Invitrogen, Carlsbad, CA, U.S.A.).
Detection of TLR4 and CD14 by RT-PCR. cDNA was synthesized using the First Strand Synthesis Kit for RT-PCR (Roche Diagnostics Scandinavia AB, Bromma, Sweden) using 4 g of total RNA according to the manufacturer's instructions. RT-PCR was performed with primers for rat Toll protein (sense, 5'-GCCGGAAAGTTATTGTGGTG-3'; antisense, 5'-TCCCACTCGAGGTAGGTGTT-3'), yielding a 205-bp product, and rat CD14 (sense, 5'-CTTGTTGCTGTTGCCTTTGA-3'; antisense, 5'-CGTGTCCACACGCTTTAGAA-3'), giving a product of 214 bp. As a control, rat ␣-tubulin (sense, 5'-GCCTGCTGGGAGCTCTACT-3'; antisense, 5'-GTGGGT-TCCAGGTCTACGAA-3') was used, yielding a product of 164 bp. One millimolar of each primer was used in the amplification reaction, which was run according to the following protocol: one cycle at 94°C, 4 min; 25, 28, 31, or 35 cycles at 94°C, 45 s, 60°C, 45 s, and 72°C, 1 min; and one cycle at 72°C, 10 min. The PCR products were analyzed on a 1.5% agarose gel using water or RNA from the above-mentioned RNA samples as negative controls. The rat Toll sequence shows high homology to the TLR4 sequence published for mouse and human when a BLAST (National Center for Biotechnology Information, National Institutes of Health, Bethesda, MD, U.S.A.) search is performed.
Measurement of intracellular calcium. RPT cells were incubated with 30 M fura-2 acetyl methyl ester (Molecular Probes, Leiden, The Netherlands) in P medium (in mM: NaCl, 100; KCl, 4; HEPES, 20; NaHCO 3 , 25; CaCl 2 , 1; MgCl 2 , 1.2; NaH 2 PO 4 · H 2 O, 1; and D-glucose, 10) for 30 -60 min before the intracellular calcium measurements. Ratiometric imaging was performed as previously described (7) . Cells were excited every 60 s, which correspond to a Nyquist frequency of 8.35 mHz. The cells grew in cluster of 5-100 cells. Generally clusters of 15-35 cells were chosen for calcium recordings. The cells were exposed to 30, 50, or 100 L/mL of E. coli supernatant, two to three experiments for each concentration, 15-35 cells in each experiment.
Power-spectrum analysis and statistical analysis. A powerspectrum analysis was performed as previously described (7). Briefly, the single-cell-recording calcium oscillations are analyzed to produce a spectrum in which the peaks correspond to the different frequencies present in the original data. The 537 AGE-RELATED ASPECTS OF PYELONEPHRITIS dominant peak was determined by comparing the relative power of the peaks in the spectrum. This was calculated by determining the area between the two extremes closest to the peak, divided by the total area of the power spectrum.
Statistical analysis was performed using t test. All values are presented as mean Ϯ SEM.
RESULTS
Immature renal tissue is less responsive to bacterial infections compared with adult tissue. To study whether there is an age-dependent difference in innate immune response to bacterial exposure, slices from the outer 150 m of renal cortex from 10-and 40-d-old rat kidneys were exposed to supernatant from the E. coli strain ARD6, which in addition to shed LPS contains HlyA. After 6 h of incubation the release of IL-6 into the culturing medium was measured using ELISA. Tissue from 10-and 40-d-old rats was always studied in parallel. In nonstimulated cells the level of IL-6 release in 10-d-old tissue was only approximately 20% of what was released in 40-d-old tissue (7 Ϯ 2 pmol/mg and 43 Ϯ 13 pmol/mg, respectively). This difference was highly significant (Fig. 1) . After exposure to E. coli supernatant, a marked increase in IL-6 secretion was observed in both age groups. The relative increase was larger from 10-than from 40-d-old tissue (15-and 5-fold, respectively). The absolute value for IL-6 release from 10-d-old tissue did, however, remain significantly lower than the IL-6 release from 40-d-old tissue (100 Ϯ 24 pmol/mg in 10-d-old compared with 200 Ϯ 31 pmol/mg in 40-d-old). IL-1␤ is well known to stimulate IL-6 release. In each age group IL-1␤ induced levels of IL-6 release similar to those induced by E. coli supernatant.
HlyA-induced intracellular calcium oscillations occur at the same frequency in 10-and 40-d-old RPT cells. We have previously shown that the supernatant from HlyA-expressing E. coli, as well as purified HlyA, can induce low-frequency calcium oscillations in rat RPT cells. This second-messenger response was shown to induce a release of IL-6 and IL-8 (7). To test whether there is an age-dependent difference in HlyAinduced calcium oscillations, primary cultures of RPT cells from 10-and 40-d-old rats were loaded with the calciumsensitive dye fura-2 and exposed to different concentrations of E. coli supernatant. The calcium response was recorded with a cell-imaging system.
Single-cell recordings showed that cells from both 10-and 40-d-old rats predominantly responded with calcium oscillations when exposed to 30 -50 L/mL HlyA-containing E. coli supernatant, and predominantly responded with a sustained elevated level of calcium that was followed by cell lysis and cell death when exposed to higher concentrations of 100 L/mL (Fig. 2, A and B) . The number of oscillating cells decreased when exposed to higher concentrations of HlyAcontaining E. coli supernatant, whereas the number of cells responding with sustained elevated level of calcium increased (Fig. 2, C and D ). An effect of the supernatant on intracellular calcium was noted in approximately 60% of cells, regardless of the concentration of supernatant used. The calcium response was generally observed in cells in the periphery of a cluster, and the percentage of the responding cells was identical in both age groups (10-d-old, 66%; 40-d-old, 63%). The oscillations were examined with spectral analysis to analyze at which frequency the oscillations occurred. This analysis indicated that there was one dominant peak in each spectrum (relative power, approximately 50%), and this peak corresponded to a periodicity in the 11-to 12-min range ( Table 1 ). The periodicity was not significantly different in the 10-and 40-d-old cells, and we could not observe any age-dependent differences in time to onset of calcium oscillations, or the duration of oscillations.
Proximal tubule cells are LPS-responsive because of expression of TLR4. LPS is considered to be the major microbial inducer of IL-6. This effect is generally agreed to be mediated via TLR4 and its coreceptor CD14 (6) . To study whether the difference in IL-6 release from 10-and 40-d-old tissue may be related to different expression of TLR4 and CD14, a semiquantitative RT-PCR study was performed. Total RNA was extracted from superficial rat renal cortical slices from 10-and 40-d-old rats, and ␣-tubulin was run in parallel. TLR4 and CD14 mRNA were expressed in both 10-and 40-d-old slices. Compared with the housekeeping gene, ␣-tubulin, the expression of TLR4 and CD14 were expressed in similar amount in 10-and 40-d-old slices (Fig. 3, A and B) . Although the superficial cortical slices primarily contain tubule cells, other cell types, e.g. mesangial cells, that express TLR4 may be present. Thus, we isolated tubules and glomeruli separately by a microdissection procedure, and performed a similar RT-PCR analysis for the expression of TLR4 and CD14 in each preparation. Weak, but distinct, bands were observed that showed the presence of both TLR4 and CD14 mRNA in proximal tubule cells prepared from young and adult rats. This result was confirmed by a direct analysis using RNA preparations from RPT cells (data not shown). In contrast, TLR4 and CD14 were not expressed in the glomeruli. The positive controls showed distinct bands for the internal control ␣-tubulin in the glomeruli preparation (Fig. 3C) .
DISCUSSION
Pyelonephritis is more likely to result in renal scarring in infants and young children than in older children and adults. 
LAESTADIUS ET AL.
The results from this experimental study do, however, indicate that the innate immune response of renal epithelial cells is quite well developed postnatally. The two ages used in this study represent infancy and puberty in rats. Renal cortical tissue from infant rats exhibited a lower basal secretion of IL-6 than cells from older rats, but the capacity to induce an IL-6 release on exposure to E. coli culture supernatant was at least as good as in cells from older rats. The expression of TLR4 and CD14, important molecules in the LPS signaling pathway, was similar in both age groups studied. The calcium-signaling pathway in response to E. coli culture supernatant containing HlyA was also similar in both age groups.
The basal level of IL-6 release from 10-d-old renal tissue was approximately 20% of the basal level found in 40-d-old renal tissue. Previous studies have shown that the basal cytokine release from blood cells is lower in children than adults, which is consistent with our data (16, 17) . The capacity of the infant cells to respond to E. coli culture supernatant was well developed. This is in concordance with a recent study on Streptococcus agalactiae, showing that mononuclear cells from cord and adult blood are equally responsive (18) . Exposure of 10-d-old renal tissue to supernatant of bacteria caused a 15-fold increase of IL-6 release compared with a 5-fold increase in 40-d-old renal tissue. The levels of IL-6 released from 10-d-old cells exposed to bacterial supernatant, however, did not reach the levels observed in 40-d-old cells. Whether this difference in absolute levels of IL-6 release is of importance for the difference in susceptibility to renal scarring remains to be elucidated. The downstream effects of the cytokine release may be considered as a double-edged sword. A moderate cytokine release is crucial to elicit an inflammatory response to clear the infection from the invaded tissue. An overproduction of cytokines can, on the other hand, result in an overreactive inflammatory reaction that could lead to greater tissue damage than necessary to clear the infection.
LPS, the major constituent of the outer membrane of Gramnegative bacteria, is generally considered to be the strongest immunostimulatory agent in bacterial infections. This response is mediated via interaction between LPS and the cellular transmembrane receptor TLR4 (6) . Activation of the intracellular signaling pathway eventually leads to nuclear translocation of nuclear factor-kappa B and the concomitant activation of inflammatory response genes such as cytokine genes (19) . By use of semiquantitative PCR, we showed that the mRNA expression of TLR4 and the coreceptor CD14 was similar in 10-and 40-d-old renal cells. The LPS-and IL-1␤-responsive phenotype of renal TLR4-expressing tissue suggests that the TLR4 signaling pathway is also well developed during infancy. To identify the cellular localization of TLR4 and CD14, we used microdissected proximal tubule segments and glomeruli isolated from perfused kidneys. That experiment clearly showed that TLR4 and CD14 are present in proximal tubular cells but not in the glomeruli. Lack of CD14 expression in the glomeruli fraction shows that the perfusion protocol we used efficiently cleared the tissue from contaminating blood cells, and we can conclude that the TLR4 band indeed originates from proximal tubule cells. This finding is in agreement with recent reports using mouse kidney (20) . Furthermore, it indicates that LPS-induced IL-6 release is mainly mediated from renal epithelial cells.
We have previously shown that HlyA secreted from E. coli induces calcium oscillations that can cause the release of IL-6 and IL-8 from RPT cells (7). Here we show that the calcium oscillatory response induced by 30 L/mL of supernatant from HlyA-expressing E. coli was similar in 10-and 40-d-old cells. HlyA has a dual effect on renal tubule cells. Higher doses of HlyA will result in a sustained calcium response and cell lysis and cell death (21) . A sustained calcium response was observed in both 10-and 40-d-old cells when exposed to a high (100 L/mL) supernatant dose. We speculate that, owing to the flushing of urine, it is more likely that the renal tubules will, during the course of infection, be exposed to lower doses of bacterially secreted HlyA. In the situation of urinary tract obstruction or vesicoureteral reflux, the exposure to HlyA may be enhanced. Because large vesicoureteral refluxes are common in infancy and early childhood, exposure to HlyAexpressing E. coli may therefore be more serious during this age period.
The higher susceptibility of pyelonephritic scarring in infancy is likely multifactorial. The infant kidney is immature in many aspects. Anatomic immaturity of the urinary tract probably plays an important role for the response to pyelonephritis. It is well documented that small children have a high incidence of vesicoureteral reflux (3), which should facilitate bacterial deposition in the kidney and may also enhance the exposure to HlyA. Another important aspect may be that the epithelial cell lining in the infant kidney has a higher transepithelial passage than the adult kidney (22) . This is a result of a less tight epithelial lining in the urinary tract than in the adult. The tightly linked epithelial cells, present in the fully mature kidney, can be considered as a part of the innate immune system, and may be the strongest defense against invading pathogens. To invade the host tissue, the bacteria must disrupt this barrier. It has been shown that E. coli is most adhesive to the basolateral side of the epithelial cell, and rarely to the apical (23) . For bacterial invasion it is therefore crucial for the bacteria to disrupt the tight junctions of the epithelial cell lining, most certainly by secreting cytolytic toxins. The less tight epithelial cells in the newborn should therefore facilitate transepithelial invasion of bacteria.
CONCLUSIONS
In summary, we have shown that many aspects of the intracellular machinery, which participate in innate immune response, are well expressed in the infant rat kidney. We find it unlikely that the quantitative age-dependent differences in IL-6 response observed in the present study can be the only case of the relatively high susceptibility to pyelonephritic renal scarring in infant kidneys. We find it more likely that this high susceptibility to renal scarring is multifactorial and that anatomic immaturity plays a major role.
